Abstract-Automatic resonance alignment tuning is performed in high-order series coupled microring filters using a feedback system. By inputting only a reference wavelength, a filter is tuned such that passband ripples are dramatically reduced compared to the initial detuned state and the passband becomes centered at the reference. The method is tested on 5 th order microring filters fabricated in a standard silicon photonics foundry process. Repeatable tuning is demonstrated for filters on multiple dies from the wafer and for arbitrary reference wavelengths within the free spectral range of the microrings.
I. INTRODUCTION
S ilicon-on-insulator (SOI) has emerged in recent years as an attractive integrated photonics platform. The availability of large wafer sizes, compatibility with complementary metal oxide semiconductor (CMOS) manufacturing, potential integration with CMOS electronics, and a high refractive index contrast opens the avenue for high volume production of densely integrated and compact microphotonic circuits [1] - [5] . However, a significant challenge for high index contrast silicon photonics is the management of fabrication variation owing to the sensitivity of the effective index to nanometer-scale dimensional variations [6] . Variability in device characteristics limits the achievable complexity of a system. Thus, variation tolerant design, tunability, and feedback control are needed for the reliable performance of complex Si photonic circuits [7] - [13] .
A class of photonic devices severely affected by fabrication variation are the high-order series coupled microring filters illustrated in Fig. 1(a) . Fig. 1(b) shows an optical micrograph of a 5-ring filter fabricated at the A*STAR IME Si photonics foundry. Microring filters in the configuration as in Figs. 1(a) and (b) can be used as high-performance wavelength-division multiplexing (WDM) add-drop multiplexers with sharp filter roll-offs, flat-top passbands, and high out-of-band rejection [14] - [18] . While the theoretical transfer function of the filter promises high performance WDM add-drop multiplexers suitable for dense integration, typical foundry as-manufactured devices cannot be used without tuning the ring resonances due to manufacturing variability. Typical output spectra at the through (thru) and drop ports, corresponding to the device The measured drop and thru port spectra of the as-manufactured device in (b) is contrasted with the expected designed spectra (dots). Fabrication variation leads to ripples in the spectra and a detuned operation wavelength.
in Fig. 1(b) , are shown in Fig. 1(c) . The measured spectra are vastly different from the design, with large ripples in the passband and noticeable detuning from the designed center wavelength.
To recover the desired passband, the resonances of the microrings could be aligned [17] , [19] , [20] , using, for example, the thermo-optic effect to tune the refractive index [21] , [22] . However, for sophisticated microring filters to be suitable for volume production, we need a resonance alignment method that can accommodate a wide variability in the initial detunings. One approach is to use a feedback system that automatically aligns the resonances of high-order microring filters implemented with electronic components.
In this work, we demonstrate automatic resonance tuning of high-order microring filters fabricated at a Si photonic foundry using feedback. To our knowledge, this is the first demonstration of a system which automatically aligns the resonances of high-order microring filters. The passband response is recovered reliably, over multiple instances of the device. Our method does not require an optical spectrum analyzer. The position of the filter passband is defined by a reference wavelength, which is the optical input to the device. The automatic tuning system demonstrated here uses off-the-shelf components, though it can be implemented as part of an embedded controller packaged or integrated at the chip-scale level with the photonic chip. The approach used in this work can be extended to multi-ring filters of an arbitrary number of microrings, and possibly to other configurations of very large scale photonic integrated circuits.
This paper is organized as follows. In Section II, we begin by examining the transfer function of the multi-ring filter to derive a controller for performing the resonance alignment, and verify its effectiveness on a model of the designed 5-ring filter. We then present the experimental procedure, setup, and results in Section III. The implications of the results are discussed in Section IV.
II. THEORY
The resonance alignment procedure uses feedback, in which a fraction of the output from the ring device is measured and processed by a controller in order to determine successive tunings until the desired resonance alignment is reached. A mathematical model of the device behavior is needed to formulate a controller algorithm. In Section II-A, we describe how the phase alignment of the microrings can be determined from the drop port power, and use this to formally state the resonance alignment problem for certain well chosen filters. In Section II-B, we describe controller algorithms for the resonance alignment, illustrating with an example 2-ring filter.
A. Drop Port Phase Detuning Map
The drop port transfer function of a N -ring filter illustrated in Fig. 2 is derived in [23] , [24] and is given by
.
In the above equation, light within the i-th ring travels a path length of d i with a waveguide effective index of n eff,i (λ), such that input light of wavelength λ accumulates a round-trip phase-shift of φ i (λ) = 2πn eff,i (λ)d i /λ. The field attenuation coefficient of the i-th ring is α i . The coupling between adjacent rings is represented by the field crosscoupling coefficient κ i between the i-th and (i − 1)-th ring. In general, α i and κ i are wavelength dependent, but are typically approximated as constant. For brevity, we write in vector form . As detailed in [23] , assuming that all the rings are identical so that φ i =φ for all rings, the denominator ξ N is a polynomial of z −1 = e −jφ , and the transfer function is that of a digital all-pole filter and the roots of ξ N are the poles of the filter, with coefficients based on the κ i . Thus, the flatness and the bandwidth of the drop port spectrum can be designed by choices of κ, while the round-trip path length sets the free spectral range (FSR) and centre wavelength.
In Eq. 1, if we set λ to be a constant and let φ i be independent variables, then Eq. 1 is a function of N variables, which we write as T D (φ). n eff,i , κ i , and α i are constant at a fixed value of λ. Assuming we can change the round-trip phase of the light in the rings, then at the fixed wavelength, the drop port transmission will vary with respect to the phase in each ring according to |T D (φ)| 2 , which we call the "drop port power detuning map." |T D (φ)| 2 can be readily measured with a photodetector.
If the rings are identical, φ i = φ intrinsic , where φ intrinsic is the designed phase-shift. An input wavelength that is on resonance would correspond to φ i = 0 (mod 2π). For illustration, we consider the 2-ring filter design in Fig. 3(a) , where κ 0 = κ 2 = √ 0.5, κ 1 = √ 0.1 are approximated to be constant and the rings are lossless. The corresponding |T D (φ)| 2 is two dimensional and is shown in Fig. 3(b) . The drop port transmission can be determined from the plot for an arbitrary combination of φ 1 and φ 2 . If the two rings are identical, an on-resonance input would be denoted by the green circular marker, and detuning from the resonance is shown by the blue triangle marker in Fig. 3 . A diagonal slice of |T D (φ)| 2 corresponds to the computed drop port transmission spectrum in Fig. 3(a) .
If the rings are not identical due to geometry variations that change the effective index and ring dimensions, the phase-shift of each ring is
where the ∆φ intrinsic is the phase deviation. Thus, the problem of resonance alignment is to find the tuning terms, φ tuning,i to compensate for the variation, so that the net phase-shift on resonance for each ring is
|T D (φ)| 2 is used to identify when the condition φ = 0 (mod 2π) is satisfied for the rings.
We further assume that the multi-ring filter has been suitably designed through the choice of coupling coefficients so the drop port transmission is maximum at φ = 0 (mod 2π). In the 2-ring filter example in Fig. 3 , the green circle marker is also at the maximum value within
For these designs, detunings caused by geometry variations would reduce the drop port transmission. Therefore, resonance alignment is to find the correct compensation phase tuning to maximize the drop port power. Visually, this corresponds to starting at an arbitrary, non-zero initial position on the drop port power detuning map (e.g., the red marker in Fig. 3(b) ), and searching for the maximum point (i.e., the green marker in Fig. 3(b) ). This is exactly the optimization problem
Therefore, an optimization algorithm can be thought of as the controller algorithm to move φ tuning to the desired phase compensation values. An optimization algorithm typically samples values of the objective function, |T D (φ)| 2 , at various φ and iteratively moves toward the value of φ that maximizes
Thus, the feedback control system for the resonance alignment consists of an input, which is the sensor reading for |T D (φ)| 2 , a controller, which is an optimization algorithm, and an output, which is the adjustment of φ of the device. While, in principle, any filter design with a transmission is maximum on resonance might be tuned in this manner, certain objective functions are more easily optimized. Roughly, |T D (φ)| 2 functions that are unimodal, with a well defined peak and few other surrounding local maxima, are more amenable to finding the optimal phase tuning without becoming trapped in a local maxima. In practice, filters with smooth passbands have |T D (φ)| 2 that are typically isolated and have few local maximum nearby, so they are especially suitable for resonance alignment with this optimization approach.
B. Optimization Algorithm Selection
In selecting the optimization algorithm, we need to consider the non-idealities of a real system, such as the noise of the detected signal and the discretization of φ and |T D (φ)| 2 at the analog-to-digital and digital-to-analog converters for the microcontroller. Particularly, if the drop port transmission is low (i.e., when the rings are close to π out of phase), noise will dominate the signal. Reducing noise through averaging creates a tradeoff between the operation speed and accuracy. Thus, an algorithm that is robust to noise and discretization is useful to reduce the number of evaluations and time required for the optimization.
We consider two optimization strategies, coordinate descent and the Nelder-Mead simplex algorithm, for the simplicity of implementation and to address the trade-off between speed and accuracy. Coordinate descent cycles through the coordinate directions, reducing the problem to a series of one dimensional optimization subproblems along each coordinate direction (i.e., a line-search), using the optimum for the current direction as the starting point for the search in the next direction [25] . Coordinate descent by convention refers to minimization, but we use it for maximization by minimizing the negative of the objective function. The Nelder-Mead simplex algorithm [26] samples the objective function to enclose a generalized triangular volume (a simplex), and procedurally relocates the vertices of this volume to optimize the value of its centroid. The relocation involves reflection and scaling operations. The simplex algorithm is a derivative free method, which, in general, is better suited to noisy or discrete optimization problems than gradient based methods [25] . Fig. 4 shows φ in red markers during the optimization process, and the bottom row shows the convergence. Although the effects of noise and finite resolution were not included, we observe the differences in performance of the two optimization methods. Fig. 4(a) shows the results for coordinate descent. The algorithm consecutively finds the maximum power by sweeping through the tuning of each ring, returning to the first ring after each cycle. Coordinate descent quickly finds the peak power but is slow to converge to the resonance. Fig.  4(b) shows the results for the Nelder-Mead algorithm, and the locations of the vertices of the simplexes are marked with × in the top figure. ||φ|| converges more quickly compared to coordinate descent when it is close to the optimal value. Therefore, we propose to use a combination of these two strategies for efficient convergence. In Fig. 4(c) , we initially perform 4 iterations of the coordinate descent before applying 26 iterations of the Nelder-Mead algorithm. For a comparable number of iterations, the combined strategy approaches the resonance the closest.
Some differences exist between the simulation and the physical implementation. First, in the simulation, the φ i is directly set, but in experiments, we only have access to the voltage applied to the heaters, which is approximately proportional to the square root of φ i (the proportionality is not exact due to dispersion). Second, the heaters may cause thermal cross-talk between adjacent rings. However, the Nelder-Mead algorithm automatically accounts for these transformations in the objective function of the optimization, and the algorithm still searches for the maximum |T D (φ)| 2 . Therefore, the overall algorithm used in the implementation is as follows: First, we apply coordinate descent to quickly approach regions where |T D (φ)| 2 is higher to improve the signal-to-noise ratio. In the coordinate descent, the method used for the line-search subproblem is a brute force sweep. Then, the Nelder-Mead algorithm is applied to more quickly reach the final tuning settings that maximize |T D (φ)| 2 .
III. EXPERIMENT
A. Device Design
We used a 5-ring filter to demonstrate the automatic resonance alignment system. The designed coupling coefficients
04. The dispersion of κ i was neglected. The path length of each ring was taken to be d i = 263.5 µm to match the fabricated device to be described below. The ring waveguides were taken to be Si ribs with a 220 nm height, a 90 nm thick partiallyetched slab, and a width of 500 nm surrounded by a SiO 2 
The center wavelength is marked with a black notch at 1550.24 nm. The waveguide loss was taken be 20 dB/cm. ∆λ 1dB is 0.174 nm, and ∆λ 3dB is 0.248 nm.
cladding. The effective and group indices of the waveguide near 1550 nm are 2.524 and 3.671, respectively. The designed filter drop port spectrum has a center wavelength of 1550.24 nm with an FSR of 2.47 nm (308 GHz). The waveguide loss, dominated by doping for thermal tuners, was estimated to be 20 dB/cm, resulting in an insertion loss of -5.36 dB. The 1 dB bandwidth, ∆λ 1dB , is 0.174 nm (21.7 GHz), and 3 dB bandwidth ∆λ 3dB is 0.248 nm (30.9 GHz). The designed transmission spectra are shown in Fig. 5 .
We tested the two-step optimization strategy from II-B on this model of the 5-ring filter to ensure that φ = 0 mod 2π is the only attractive point. Starting from 10,000 uniformly sampled initial detunings within [−π, π] 5 , applying 10 iterations of coordinate descent and up to 400 iterations of the Nelder-Mead algorithm successfully converged all values of φ to within ||φ|| ≤ 0.02. This suggests the controller can successfully align any detuning, as long as the each ring is able to tune over an FSR. Fig. 6 plots the convergence of 10 of the random detunings that initially have ||φ|| ≥ π. Appendix A shows how the passband response is progressively recovered for one of the initial conditions.
The 5-ring filter was fabricated through the A*STAR IME baseline active silicon photonics process on 8" SOI wafers [27] , [28] . A microscope image of this device is shown in Fig.  7(a) . Input and output optical signals are coupled to an array of standard single-mode fibers (SMF-28) polished and tilted at an 8 o angle through grating couplers spaced at a pitch of 127 µm. The ring waveguides were as described previously. The microrings were rounded rectangles, with corners consisting of circular 90 o bends with a radius of 30 µm. Opposite sides forming directional couplers had lengths of 2.5 µm, and the remaining sides forming the resistive heaters had a length of 35 µm. The coupling gaps were designed to be . Doped Si resistive heaters were formed in the microring. A heater consisted of an N doped region in the waveguide sandwiched by N++ doped contacts 1.1 µm away from the sides of the waveguide. The N++ regions connected to metal vias and contacts. The doping covered the straight section and half of the ring bends. Each microring had an independent heater. At the drop port, 25% of the power was tapped using a directional coupler and measured by an integrated germanium photodetector. The thru port also had a 25% power tap which was not used in the experiments to follow. The grating coupler, germanium photodectector, and resistive heaters are highlighted in Figs. 7(b) , (c), (d), respectively. The heater cross-section is in Fig. 7(e) .
B. Setup and Procedure
An Arduino Due [29] microcontroller board controlled by a computer executed the controller algorithm. Here, for simplicity, the processing for the controller algorithm was performed on the computer, and the microcontroller board mainly served as an interface for the electronics to facilitate debugging and monitoring. φ tuning was changed by applying voltages across the heaters, and the drop port power was monitored by reading the photocurrent. To apply voltages to the 5 heaters, we used digital-to-analog converter (DAC) chips (MAX509) which were controlled through a Serial Peripheral Interface (SPI) bus by the microcontroller. The DACs provided a voltage ranging from 0 to 3 V with a resolution of 256 steps. To read the photocurrent, we implemented a basic transimpedance amplifier circuit using an op-amp (UA741). A simplified schematic of the feedback system hardware is shown in Fig. 8(a) . The electronics were connected to the device using an electrical multi-contact wedge. The probing of the device is pictured in Fig. 8(b) . The components used in this demonstration were sourced off-the-shelf, though custom integrated circuitry could be designed to be more densely integrated with the device if needed.
During the resonance alignment, input laser light supplied by a tunable laser source was set to the desired center wavelength for the optical filter. A reverse bias was applied to the photodiode, ranging from 0 to -1.5V. 5 to 10 full cycles of the coordinate descent were applied, followed by 30 to 50 iterations of the Nelder-Mead simplex algorithm. An iteration of the coordinate descent algorithm was implemented by sweeping the voltage across the discrete steps while monitoring the photocurrent reading, and choosing the tuning corresponding to the maximum reading. The Nelder-Mead algorithm used the SciPy [30] implementation in the scipy.optimize library. Although the algorithm outputs floating point numbers, the values were rounded to the nearest integer, and saturated at 0 and 255 to make the output compatible with the DAC.
C. Results
We tested the automatic resonance alignment with nominally identical 5-ring filters taken from 4 dies across the 8" wafer at the locations shown in Fig. 9 . The measured 5-ring devices were tunable over an FSR within the 3 V tuning range. The spectra shown in Figs. 10, 11, 12 were normalized against the maximum thru port power to remove losses from the grating couplers. In the discussion to follow, we describe the ability of the system to recover the passband spectrum from arbitrary initial spectra, the repeatability of the alignment, and the wavelength tunability of the alignment. 1) Varying the Starting Spectrum: Fig. 10 shows the automatic resonance alignment of devices from the 4 dies corresponding to the locations on Fig. 9 . The initial spectra of the as-manufactured devices are shown in Fig. 10(a) , and they exhibited significant variability, sharp ripples and were centred at various wavelengths. The insertion loss of the filter was ranged between 18.92 dB to 8.98 dB, and the bandwidth of the filter was not well defined. Fig. 10(b) shows the spectral response after alignment for the reference wavelengths indicated by the black markers. Table I summarizes the final filter characteristics after the resonance alignment. Flat-top passbands were recovered in all instances, and the insertion loss was reduced to 3.67 ± 1.8 dB. The FSR of the filters ranged between 2.29 nm and 2.34 nm. ∆λ 1dB was about 0.15 ± 0.3 nm. Within ∆λ 1dB , the ripples in the drop port transmission spectra were less than 0.2 dB. The variation in the final filter response was most likely due to variations in the coupling coefficients, because a narrower bandwidth was associated with a higher insertion loss, as expected from weaker inter-ring coupling [31] . In Si photonic platforms, the coupling coefficients of directional couplers are highly sensitive to fabrication variation [10] . Despite the large variation in the initial detuning and coupling in the devices, a passband response could be recovered automatically by this system.
2) Repeatability: To verify the repeatability of the resonance alignment, we ran 50 consecutive trials on the device from Chip C. Figures 11(a), (b) , and (c) respectively show the spectra before the tuning, after the coordinate descent stage for the 50 trials, and after the Nelder-Mead simplex method stage for the 50 trials. In Figs. 11(b) and (c) , datasets for the trials have been superimposed to show the consistency between the resulting drop port spectra. Variations existed between the trials due to noise from the photocurrent, electronics, and discretization. As expected from the simulations, the results after the Nelder-Mead stage had less variance than that from the coordinate descent stage, as seen in Figs. 11(b) and (c) and summarized in Table II . For these measurements, the reference wavelength was set to 1550.6 nm. The centre wavelength of the filter responses after coordinate descent was 1550.58 nm with a standard deviation of 0.024 nm, and the centre wavelength after the Nelder-Mead stage was 1550.50 nm with a standard deviation of 0.016 nm. The insertion loss after the coordinate descent stage was 2.64 dB had a standard deviation of 0.13 dB, which was reduced to 2.58 dB with a standard deviation of 0.11 dB after the Nelder-Mead stage. Table II. The 3 dB bandwidth of the filter was also reduced from 0.247 nm with a standard deviation of 0.096 nm to 0.24 nm with a standard deviation of 0.02 nm between the coordinate descent and Nelder-Mead stages. The results show that the NelderMead optimization was critical in providing a more repeatable alignment, especially in the bandwidth of the filter.
3) Wavelength Tuning: Lastly, to demonstrate that the alignment system can be used for wavelength tuning, we varied the reference wavelength to show that a flat-top passband could be recovered over the FSR. The device was designed to be tunable over the FSR, so the filter passband could be set to an arbitrary wavelength. Using the device on Chip B, we stepped the centre wavelength in increments of 0.3 nm over a 2.1 nm range, returning to the initial spectrum between successive alignments. The initial spectrum of the device is shown in Fig. 12(a) , and the wavelength tunability is shown Table III. in Fig. 12(b) . The characteristics of the filter are summarized in Table III . Within the tuning range, the centre wavelength of the filter was accurate to within 0.02 nm; the insertion loss varied within 0.28 dB; and ∆λ 1dB and ∆λ 3dB varied within 0.04 nm.
IV. DISCUSSION
The results show that the implemented automatic resonance alignment system behaves in agreement with the simulations, even in the presence of non-idealities such as noise and discretization. The simulations showed the recovery of the passband as φ converged to 0 (mod 2π) from a random initial detuning, which was confirmed in practice with ). Because the devices tested were arbitrarily sampled from across the wafer, and even at the edge of the wafer, this lends confidence that the automatic alignment is effective on the fabrication variations found in typical foundry fabricated devices. However, since the coupling coefficients and losses were not tunable in the devices presented here, the final spectra for different starting conditions exhibited variations in the bandwidth and insertion loss. The variations were more obvious in the thru port spectra.
In the experiments, there was variability in the recovered spectra even for the same starting conditions, as evidenced by the consecutive trials in Fig. 11 and Table II . The NelderMead stage of the algorithm was responsible for bringing the result close to resonance, and involved increasingly fine adjustments to the phase. The implementation of the NelderMead algorithm assumed a continuous search domain, but with discretization and noise, the resolution of the adjustments was limited in practice. Therefore, the variation in the recovered spectra may be reduced by using a more sophisticated algorithm which takes into account the discretization and noise or by using more sensitive and higher resolution electronics that can make the alignment more accurate.
Although in this work we have demonstrated this system for a 5-ring filter, the theory is independent of the number of rings. An even higher number of rings can be aligned in principle, if the drop port power signal is strong enough to be monitored by the photodiode. Compared with the direct monitoring of the power in each ring, the advantage of our method is a reduction of the required number of monitors. Using our proposed optimization method, the automatic alignment of high-order microring filters can be achieved with relatively simple electronics (only one photodiode has to be monitored) and more flexible design of the rings not constrained by placement of monitors. The resonance alignment was achieved by treating the propagation phase as independent variables, and this concept of phase tuning through feedback can be extended to other types of interference-based photonic devices and circuits, such as Vernier filters, networks of Mach-Zehnder interferometer filters, and optical switch fabrics [32] - [35] .
Finally, we note some limitations of this work and comment on pathways for future improvement. In this work, for flexibility and ease of programming, the resonance alignment algorithm was executed on a computer, which sent the results to the microcontroller board. The microcontroller board can be programmed to execute the algorithm to eliminate the use of a computer to simplify the hardware required by the system. The algorithm can be modified to accommodate filters that have stronger ripples in the passband, for example, ideal Chebyshev or elliptic filters, since the direct optimization of |T D (φ)| 2 may end up in a local maximum from the ripples. Currently, losses from the power tap at the drop port contribute to the insertion loss of the device, and a non-invasive monitor, such as the contactless photonic probe proposed in [13] , [36] , can remove this insertion loss entirely without affecting the method. Variability in the coupling resulted in variability in bandwidths and insertion losses; this could be mitigated by using variational tolerant couplers [10] , multimode-interference couplers, or tunable couplers [37] - [39] . Finally, by using more sophisticated controller designs [40] , the ideas in this work can be extended to perform wavelength tracking and stabilization against temperature and environmental influences in highorder microring filters.
V. CONCLUSION
In summary, we have demonstrated a feedback system which automatically aligns the resonances of high-order microring filters and can potentially be scaled to high-volume production. Automatic tuning is critical for making use of complex Si photonic devices and circuits because of the high sensitivity to fabrication variation in high optical confinement, sub-micron, Si waveguides. Our method uses a combination of coordinate descent and Nelder-Mead simplex optimization algorithms to converge to a phase compensation that maximizes the drop port power at a reference wavelength. We demonstrated the automatic resonance alignment using Si 5-ring filters that were fabricated in a foundry process. The results show that the method is robust, and it can be applied to a variety of starting spectra found across the wafer and arbitrary wavelengths within the FSR. This work can be extended to stabilize the operation of the optimized filter. Also, the strategy of propagation phase tuning through feedback can be applied to other types of interference-based Si photonic devices and circuits. 1.43, 1.56, −0.83, 0.34, 1.7] and proceed with 10 iterations of coordinate descent and at most 400 iterations of the Nelder-Mead algorithm. The Nelder-Mead algorithm converged after 216 iterations with 346 function evaluations. In Fig. 13 , we plot the convergence of the coordinate descent and the Nelder-Mead portions at the top. At the bottom, we show the progression of the spectrum from the initial state at Iteration 0 to the end of the coordinate descent algorithm at Iteration 10, and more sparsely to the end of the optimization at Iteration 226. As expected, the large jumps in convergence in the coordinate descent within the first 5 iterations correspond to the largest changes to the spectrum overall. After the coordinate descent, changes to the drop port are small, and the convergence toward ||φ|| = 0 is only appreciable from changes in the thru port spectrum.
